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Abstract—A hybrid diamond/silicon air-clad ridge waveguide
platform is demonstrated. The air-clad structure coupled with
the wide transmission window of diamond can allow for the use
of this architecture over a large wavelength range, especially
for the longer infrared wavelengths. In order to provide vertical
confinement, the silicon substrate was isotropically etched using
SF6 plasma to create undercut diamond films. An in-depth
analysis of the etch characteristics of this process was performed
to highlight its potential to replace wet isotropic etching or XeF2
isotropic vapour phase etching techniques. The performance of
the waveguide at 1550 nm was measured, and yielded an average
loss of 4.67 +/- 0.47 dB/mm.
Index Terms—diamond integrated photonics, infrared waveg-
uides, isotropic etching, plasma etching, sulfur hexafluoride
I. INTRODUCTION
Group IV materials have become a reliable platform for in-
tegrated photonics, driven mainly by the suitability of silicon,
silicon dioxide and silicon nitride as waveguide and cladding
materials. However, the window of operational wavelengths of
these materials is limited, hence necessitating the development
of new materials and processes. Diamond is a wide band-
gap semiconductor with a much larger optical transmission
window compared to the aforementioned materials [1], and is
therefore an excellent candidate for photonic chips operating in
the UV, visible and infrared spectral regions. Several photonic
components have been demonstrated using nanocrystalline
diamond (NCD) grown refractive index substrates or buried
layers to create vertical confinement [2]–[4]. Here we present
air-clad suspended nanocrystalline diamond (NCD) waveg-
uides fabricated using thin films directly grown on silicon
substrates. This architecture not only creates the necessary
vertical and lateral confinement needed to create a guided
mode, it also offers a pathway for complete utilisation of the
optical transmission window of diamond.
II. DESIGN
Since the NCD layer is grown on silicon substrates, the
platform will not inherently possess vertical confinement, due
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to the considerably larger refractive index of silicon (3.47)
compared to diamond (2.39). Therefore, we have created a
suspended rib waveguide with air cladding above and below
it, as shown in Figure 1. As a consequence, this design has
advantage of being limited only by the diamond transmission
window, and also offers a convenient platform for sensing
applications, in particular gas sensing. Further details of the
photonic design of this structure are available in [5].
The waveguide dimensions (waveguide width, etch depth
and the bend radius) were calculated using a finite element
solver (COMSOL). It was determined that a 350 nm etch depth
along with a 600 nm waveguide width would ensure that the
waveguide would support a single TE mode (Figure 2). An
edge coupling setup was chosen to couple light in and out




The NCD was grown on a 500 µm thick, highly doped
silicon wafer, as reported in [6]. First, a mono-dispersed
nanodiamond solution was applied in an ultra-sonic bath for
10 minutes to seed the silicon wafer. A 600 nm thick layer
of diamond was grown on top of the silicon surface through
Fig. 1. Schematic of the suspended NCD waveguide.
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Fig. 2. The TE mode in the waveguide along with the designed waveguide
dimensions.
CVD (CH4 at 5 sccm; H2 at 475 sccm; Pressure = 40 Torr;
Power = 3500 W; Time: 298 minutes; Temperature = 842  C).
The film was grown with an initial 5 minute incubation period
of 25 sccm CH4 to establish the seeds before reducing to 5
sccm for the remainder of growth. The film was then thinned
down to 520 nm through chemical mechanical polishing (using
colloidal silica fluid, Logitech SF1) to achieve an RMS surface
roughness value below 2 nm.
B. Fabrication
A series of waveguides ranging from 1.524 to 4.524 mm
were chosen for this study, and were patterned through E-beam
lithography using a hydrogen silsesquioxane (HSQ) mask.
In order to form the ridge waveguide, the NCD layer was
etched using RIE with O2 at 30 sccm, pressure = 65 mTorr
and RF power = 100 W. This recipe provided the desired
vertical side walls and had an etch rate of about 60 nm/minute.
Following this etch, the HSQ was removed using hydrofluoric
acid (HF). Etch holes were patterned on the surface using
optical lithography and a 40 nm chromium mask, and the
diamond layer etched using the recipe mentioned above. This
is depicted in Figure 3. These holes were 3.3 µm in diameter
and were created in order to etch the underlying silicon
layer isotropically. All wet processing steps were performed
before undercutting the diamond film, to reduce the chances
of damaging the undercut structures.
In order to form the suspended waveguide, isotropic etching
of the underlying silicon substrate is necessary. Conventionally
isotropic silicon etching has been performed through wet etch-
ing. This can often be problematic since the surface tension of
the etchants can damage delicate structures and membranes.
Alternatively, vapour phase etching (using etchants such as
XeF2) can also be used [7], [8]. Though this offers high
selectivity to silicon with respect to aluminium, photoresist
and silica, both the equipment required for the etch as well as
the chemical itself are niche and somewhat expensive, making
Fig. 3. SEM image of the undercut waveguide and membrane.
the process less economically viable. We have performed this
etch using SF6 plasma in an inductively coupled plasma (ICP)-
RIE reactor (50 sccm SF6, 30 mTorr, 1500 W ICP power, 0 RF
power). This etch rate of this process was constrained due to
the holes affecting the neutral transport. This phenomenon also
had the adverse side effect of causing the diamond membrane
to sag at the edges, as the etch rate here was not constrained
by the etch holes. This can be clearly seen in Figure 4.
The behaviour of this process has not been well studied, and
therefore we have studied the characteristics of this etch in
depth.
C. SF6 Etch Characteristics
It has been well established that silicon readily etches in
fluorine-based gases and plasmas [9]. Though many fluori-
nated etchants are commercially used, SF6 was chosen due
Fig. 4. Optical image of an undercut waveguide showing the sagging edges
on the chip.
2019 IEEE 2nd British and Irish Conference on Optics and Photonics (BICOP)
to the higher density of radicals, as well as its inert nature
[10]. The degree of isotropy can be maximised by removing
the physical component of the etch. This is achieved by only
applying an inductively coupled excitation in an ICP-RIE etch-
ing chamber (i.e., setting the capacitive RF excitation to zero).
The process parameters of importance for this application are
the etch rate and surface roughness.
The samples for the study were prepared using thermally
oxidised chips (approximately 1 cm ⇥ 1 cm and oxide
thickness of 290 nm) covered with a 100 nm thick layer
of chromium. Optical lithography was used to pattern the
samples with 8 circles of diameter 500 µm arranged diagonally
across the chip with a 990 µm gap separating them. The
pattern was transferred to the chromium layer using a commer-
cially available etchant, and the oxide layer was etched using
buffered oxide etch (BOE). This pattern was chosen in order
to measure the etch rate of the process without the constraints
of aspect ratio, micro-masking and other etching phenomena
that are dependent on the features, sample size, etc., as the
etch rate and roughness at the centre of the features can be
approximately viewed as the etch rate of unpatterned silicon,
due to the relatively large size of the circles. The etches were
performed with and without the presence of a silicon wafer in
order to measure the balance effect of the silicon wafer.
The etch rates of the samples etched with the presence of the
silicon wafer were found to be range between 2.07 µm/min to
2.47 µm/min (Figure 5). This is similar to etch rates achieved
through the conventional dry isotropic etching of silicon i.e,
the vapour phase etching using XeF2 (typically between 1
µm/min to 3 µm/min) [11]. Figure 5 also presents the etch
rate obtained without the balancing effect of the carrier wafer
and shows that the etch rate without the presence of a silicon
wafer is much higher as expected.
The surface roughness of the etch as well as the AFM
Fig. 5. Etch depth vs etch time with and without silicon carrier.
Fig. 6. AFM scans of the surface roughness for etch times of 2, 4, 6, 8, 10
and 15 minutes respectively. ’Z’ is the maximum peak to valley measurement.
scans are presented in (Figure 6). It is evident that against
the baseline roughness of the silicon ( < 1 nm), the roughness
initially rises. However, from the initial high, it slowly reduces
with time, reaching its minimum value at 4 minutes, before
increasing again. It can also be seen that the initial roughness
is evenly spread features with small amplitude. As the etch
time increases, areas of these features consolidate into larger
and smoother ”scallops” of larger amplitude. The roughness
associated with this etch is expected, due to its chemical
nature, and can be undesirable in an optical context, for
example leading to scattering. A detailed study of this etching
process has been presented in [12].
IV. OPTICAL MEASUREMENTS OF THE NCD WAVEGUIDE
Polarized light (at 1550 nm) from a tunable telecommu-
nications laser was injected into the L-shaped waveguides
using a lensed fiber. Due to the sag of the NCD membrane
near the coupling region leading to non-constant coupling
between waveguides, the scattered light approach was chosen
to quantify the waveguide losses. The scattered light was
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collected using a near-infrared camera viewing the chip from
the top, as shown in (Figure 7). The obtained images were then
processed to extract the optical losses by calculating the power
drop along a horizontal or vertical segments of four different
waveguides, under the assumption of uniform roughness scat-
tering, and then fitting the results to an exponentially decaying
function P (L) = P (0) e ↵L where P (L) is the relative
scattered power at the end of the segment and P (0) is the
relative power at the beginning of the segment. This yielded
an average loss coefficient of 4.67±0.47 dB/mm. Though these
loss numbers are higher than reported values for single crystal
diamond waveguides, they are in the vicinity or smaller than
other reported NCD waveguides [4], [13], [14]. It is likely that
most the losses are due to the surface roughness formed during
the polishing step of the NCD deposition process. This is not
an inherent issue with NCD films and can be addressed with
appropriate adjustments to the growth and polishing steps.
V. CONCLUSION
We have demonstrated a hybrid silicon/diamond suspended
air-clad waveguide platform fabricated from nanocrystalline
diamond thin films utilising the SF6 ICP etching process. We
have also carried out an in-depth investigation of the SF6
isotropic etch characteristics, and we have demonstrated its
use as a viable alternative to other isotropic etch processes.
This method presents an opportunity to perform these etches
to isolate membranes, release MEMS structures etc., without
the need for specialised etching equipment. The etch rates
achieved during the study demonstrate that the etch duration
can be comparable or faster than the XeF2 vapour etch process.
Though this structure was designed for operation at 1550 nm,
this platform can be easily scaled to operate over a wide
section of the optical spectrum, covering the UV to the far
infrared and therefore can have a large range of applications
ranging from visible light integrated photonics to far-infrared
optical sensing.
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